Quaternary glaciations affected the distribution of many species. Here, we investigate whether the Arctic represented a glacial refugium during the Last Glacial Maximum or an area of secondary contact following the ice retreat, by analyzing the genetic population structure of the thick-billed murre (Uria lomvia), a seabird that breeds throughout the North Atlantic, North Pacific and Arctic Oceans. The thick-billed murre is a species of socio-economic importance and faces numerous threats including hunting, oil pollution, gill netting, and climate change. We compared variation in the mitochondrial DNA (mtDNA) control region (n = 424), supplemented by 4 microsatellite loci (n = 445), among thick-billed murres sampled throughout their range. MtDNA data indicated that colonies comprise 4 genetically differentiated groups (Φ st = 0.11-0.81): 1) Atlantic Ocean plus New Siberian Islands region, 2) Cape Parry, 3) Chukchi Sea, and 4) Pacific Ocean. Microsatellite variation differed between Atlantic and Pacific populations. Otherwise, little substructure was found within either ocean. Atlantic and Pacific populations appear to have been genetically isolated since the last interglacial period and should be considered separate evolutionary significant units for management. The Chukchi Sea and Cape Parry appear to represent areas of secondary contact, rather than arctic refugial populations.
organisms, contracting or shifting their ranges towards more southern ice-free areas, as documented by several fossil records (Bennett 1997; Williams et al. 1998) . Another important consequence of glaciations was the emergence of land due to the retreat of the oceans. For example, the Bering Land Bridge allowed the migration of terrestrial populations, including humans, between Asia and America (Hopkins 1959 ) but prevented movement of marine organisms between the Pacific Ocean and Chukchi Sea (Vermeij 1989) . In the absence of fossil records, which are particularly difficult to obtain in the Arctic Ocean, phylogeographic studies have contributed greatly towards understanding the role of the Arctic during the LGM in shaping the current distribution of species (Hewitt 2004) . These studies suggest that in addition to range contractions, some populations may have persisted in ice-free refugia in the high Arctic (Provan and Bennett 2008) . For example, Beringia, a large area that includes Northeast Asia and the Northwest corner of North America, was covered by permafrost but was not glaciated during the LGM, and is therefore thought to have been an important refugium for many cold-adapted terrestrial species (e.g., Alsos et al. 2005) . However, the current distribution of arctic species could alternatively be explained by a northward expansion followed by secondary contact of populations diverged in isolation during the glaciations. Both scenarios, refugial isolation versus secondary contact, would have caused dramatic demographic changes, but would have left different signatures in the genomes of those populations.
Most studies investigating the role of the Arctic during the LGM focused on terrestrial organisms (Provan and Bennett 2008) , and little is known about arctic marine animals (Foote et al. 2013) , especially seabirds (but see Liebers et al. 2004 ). Thick-billed murres (Uria lomvia; Charadriiformes: Alcidae) are piscivorous seabirds that breed in large colonies throughout the Arctic, North Atlantic, and North Pacific oceans, and winter in arctic and sub-arctic waters (Gaston and Hipfner 2000) . They are an important component of the arctic marine ecosystem due to their abundance (~6.8 million pairs in the North Atlantic in the 1980s; Nettleship and Evans 1985) and their position near the top of the food chain (Provencher et al. 2012) , which makes them sensitive indicators of environmental perturbations, such as changes in food webs, oceanography, and climate (Gaston et al. 2009; Provencher et al. 2012) . Because thick-billed murres do not fly over ice or land (Tuck 1960) , they represent a good system to investigate the role of refugial isolation during the LGM versus secondary contact in shaping the current distribution of arctic organisms.
Thick-billed murres also represent an important socio-economic resource, being the most harvested seabird species in arctic and Atlantic Canada (Chardine et al. 1999 ) and, despite their abundance, they face many threats. Human exploitation of murres and their eggs (Evans and Waterston 1976; Gaston et al. 1985; Kampp 1991) resulted in significant declines at some colonies in the past (Uspenski 1956 ). Murres wintering off Newfoundland, Labrador, and Greenland, including common murres (Uria aalge), are hunted in winter, with 100 000-200 000 birds/year being harvested in recent years (Chardine et al. 2008) . Murres spend much time sitting on the sea, and so are vulnerable to acute and chronic effects of oil pollution (e.g., Wiese 2003) . Accidental by-catch of murres in fishing gear is another major source of mortality and occurs off Canada (Benjamins et al. 2008) and in the northwest Pacific, where the species is significantly affected (Žydelis et al. 2013 ). Current population trends through most of the species' range are downward, perhaps as a result of the combined effect of previously described threats and of climate change (Ganter and Gaston 2013) .
Understanding how previous climate change affected the species distribution and survival could help predict how thick-billed murres might respond to current and future climate change (Hoelzel 2010) , which is important for a species of management concern. The objective of this study is therefore to characterize population genetic structure and gene flow in thick-billed murres across their range to test the role of the Arctic as a refugium and to identify evolutionary significant units (ESUs; Moritz 1994) for management purposes. Because the Pleistocene glaciations have likely set a recent upper bound on the age of most present-day colonies, we assessed variation at a long fragment of the rapidly evolving mitochondrial control region and also screened 4 microsatellites for nuclear variation.
Two alternative scenarios regarding the role of the Arctic during the Pleistocene glaciations can be tested by analyzing variation at mitochondrial and nuclear markers. If the Arctic acted as a refugium we would expect the high Arctic colonies in the Chukchi Sea and the Arctic Ocean to show a genetic signature of isolation from either Atlantic or Pacific colonies, indicated by the presence of distinct private haplotypes/alleles and high inter-sea differentiation. Alternatively, if the arctic colonies represent secondary contact between thick-billed murres from the 2 oceans, they are expected to show a mixture of haplotypes and microsatellite alleles typical of both oceans.
Materials and Methods

Sampling and Laboratory Analyses
Blood, liver, heart and/or striated muscle samples were collected from 457 breeding adults from 19 colonies from throughout the species' range under appropriate permits ( Figure 1 tissues were obtained from shot birds collected by Environment Canada and US Geological Survey for previous dietary and toxicological studies. DNA was extracted following standard protease k/phenol-chloroform extraction protocols and 2 fragments of the mitochondrial control region were amplified using PCR primers and protocols previously developed for the closely related common murre (Uria aalge; Morris-Pocock et al. 2008) . Samples were also screened for length variation at 4 microsatellite loci (Ulo14b29, Ulo12a12, Ulo12a22, and Uaa5-8) using protocols described in Ibarguchi et al. (2000) . In fulfillment of data archiving guidelines (Baker 2013) , we have deposited the primary data underlying these analyses in GenBank.
Genetic Diversity and Tests of Assumptions
Haplotype (h) and nucleotide diversity (π) were calculated for each colony as indices of genetic variability, and Tajima's D, EwensWatterson's F, Chakraborty's and Fu's Fs tests were used to test for deviations of mitochondrial DNA (mtDNA) variation from neutrality. Microsatellite genotype frequencies were tested for deviations from Hardy-Weinberg and linkage equilibrium. All calculations were carried out using the software ARLEQUIN v.3.0 (Excoffier et al. 2005 ) and a Benjamini-Yekutieli correction (B-Y; Benjamini and Yekutieli 2001) was applied to reduce Type I errors.
Population Differentiation and Genetic Structure
The substitutional relationships among haplotypes were inferred by statistical parsimony using the program TCS (v.1.21; Clement et al. 2000) as implemented in PopART v.1 (http://popart.otago.ac.nz/). The extent of differentiation of mtDNA sequences among colonies was assessed in 3 ways: 1) exact tests were used to test for differences in haplotype frequencies, 2) the proportion of sequence variation representing differences among colonies (Φ ST ) was estimated, and 3) percent sequence divergence among colonies, corrected for variation within colonies (δ), was calculated using Kimura's 2-parameter correction for multiple hits. All 3 indices were estimated in ARLEQUIN and were tested for significance by randomization with 10 000 replications of the data and a B-Y correction for multiple tests. Relationships among colonies were graphically examined with nonmetric multidimensional scaling (NMDS) analysis of δ estimates using PAST (v.3.0; Hammer 2013) . NMDS created a low-dimensional mapping of the relationships within an item-item matrix and displays the interitem relationships without requiring the data to be parametric. Stress of the analyses was estimated as a measure of how much the interpoint distances in a bidimensional space no longer correlate to the distances in the multidimensional space each point is actually in. ARLEQUIN was used to investigate the extent of differentiation among colonies using both Wright's F ST , which assumes an infinite alleles mutation model, and R ST , which assumes a stepwise mutation model, calculated from microsatellite variation. Alpha was corrected for multiple tests using the B-Y method. NMDS was performed on pairwise F ST and R ST estimates from microsatellite variation as well, but stress was unacceptably high (up to 0.35).
The program STRUCTURE v.2.3.2 (Pritchard et al. 2000 ) was used to infer population structure among colonies. It uses a Bayesian approach to find the grouping of individuals (genetic populations) that minimizes deviations from Hardy-Weinberg and linkage equilibrium within each genetic population and then determines the probability of each individual belonging to each population based on its multilocus microsatellite genotype. The program was run under both the admixture and no admixture models with correlated allele frequencies, a burn-in of 10 000 generations and 100 000 generations after the burn-in. Although the admixture model is most likely to apply to our data set, the no admixture model also was used because it is more efficient in detecting subtle structure. Sampling location was used as a priori information. Each value of K (number of populations) between 1 and 10 was run 10 times, and the most probable number of genetic populations was calculated from the posterior probabilities following the protocols suggested by Evanno et al. (2005) . Membership probabilities were averaged among runs using CLUMPP v.1.1 (Jakobsson and Rosenberg 2007) , and results were displayed graphically using DISTRUCT v.1.1 (Rosenberg 2004 ). Mantel's tests were used to determine whether genetic differentiation increases with geographic distance between colonies. Pairwise estimates of Wright's linearized Φ ST , F ST and R ST were regressed against the log of the shortest distance between colonies across the range, estimated from latitude and longitude using an on-line distance calculator. Additionally, because murres avoid flying over land or permanent ice (Tuck 1960) , the shortest marine routes between colonies within each ocean were calculated in Google Earth 7.1.2.2041 (2013).
Gene Flow
We estimated gene flow since divergence using the Isolation with Migration model, as implemented in the program IMa (Hey and Nielsen 2007) , because it does not assume migration-drift equilibrium and allows separate gene flow estimates for each direction. First, we used IMa to estimate migration rates and divergence times between samples from the Atlantic Ocean (including New Siberia) and the Pacific Ocean (including the Chukchi Sea) from individual sequences of the mitochondrial control region. We also ran pairwise analyses on 4 regional groups of colonies delineated according to estimates of genetic divergence and results of molecular assignments: Atlantic Ocean plus New Siberia, Cape Parry, Chukchi Sea, and Pacific Ocean colonies. Analyses were first run with wide priors to check for stationarity of parameters, applying the HasegawaKishino-Yano model for mitochondrial sequences (Hasegawa et al. 1985) . Then, upper limits were reduced to obtain more precise parameter estimates. Burn-in period was set at 100 000 generations using 20 independent Markov chains. Convergence of model parameters (θ 1 , θ 2 , θ A , m 1 , m 2 , and t) was monitored by ensuring that all effective sample sizes were greater than 200 and that trend plots for all parameters suggested that the Markov chain had converged, as recommended by the authors of IMa. Divergence times were calculated assuming a mutation rate for the mtDNA control region of 10%/My (Wenink et al. 1993) .
Results
Genetic Diversity
A total of 743 base pairs (bp) of the mitochondrial control region, including 382 bp from Domain I and 361 bp from Domain III, were reliably sequenced from the majority of samples. The only exceptions were several samples from Kipako, which were discarded from the analyses due to poor sequence quality. A total of 149 haplotypes were found among 420 samples (GenBank accession numbers KJ209504-KJ209652; Figure 2 , see Supplementary Table S1 online). Haplotypes were defined by 78 substitutions and 3 indels at 76 polymorphic sites. The high ratio of haplotype number to variable sites indicates a very high level of homoplasy (e.g., Milot et al. 2000) . Homoplasy was lower but still high when the Pacific and Atlantic clades (see below) were analyzed separately (Pacific: 62 haplotypes defined by 55 polymorphic sites; Atlantic: 87 haplotypes defined by 54 polymorphic sites). Four haplotypes had frequencies of 5% or greater (PB, C, D, E) and 2 of these together (PB and D) occurred in 25% of specimens sampled (see Supplementary  Table S1 online). Haplotype diversity was high overall (0.96 ± 0.00; see Supplementary Table S2 online), but nucleotide diversity was low overall (π = 0.013 ± 0.007; see Supplementary Table S2 online), again indicating high homoplasy. High homoplasy was also indicated by the high incidence of loops in the haplotype network (Figure 2 ). Haplotype and nucleotide diversities were similar among colonies (see Supplementary Table S2 greater number of alleles than expected at several Atlantic colonies, and Chakraborty's tests indicated a greater number of alleles than expected at 2 Pacific colonies (see Supplementary Table S2 Supplementary Table S2 online), the number of alleles was significantly greater than expected in the Pacific, the Chukchi Sea and the Atlantic, but not at Cape Parry, as indicated by both Fu's Fs and Chakraborty's tests.
Significant deviations from Hardy-Weinberg frequencies were found for microsatellite locus Ulo12a12. Similar deviations have been found for this locus in common murres (Damus M, Birt T, and Warheit K, unpublished data) and in other studies of thick-billed murres (Ibarguchi et al. 2004 ) with indications of a null (nonamplifying) allele. This locus was therefore dropped from further analyses. Of the remaining loci, Ulo14b29 was the most variable (with allele sizes ranging from 10 to 43 repeats), followed by Uaa5-8 (with sizes from 5 to 18 repeats) and Ulo12a22 (with sizes from 7 to 15 repeats). The repeat size 13 in Ulo12a22 was incongruously frequent, and significantly more frequent in the Atlantic, Cape Thompson, Cape Lisburne, and Wrangel Island than in the Pacific (Z = 2.35, P = 0.01, Mann-Whitney U-test).
Population Differentiation and Genetic Structure
Several haplotypes occurred at high frequency at 2 or more colonies but most occurred at low frequency at one or few colonies (see Supplementary Table S1 online; Figure 2 ). The exact test of population differentiation indicated significant differences in haplotype frequencies among colonies (P < 0.0001), and the global estimate of Φ ST (0.45) was highly significant (P < 0.0001). Exact tests and estimates of Φ ST and δ were significant for most pairwise comparisons involving Atlantic or New Siberian colonies versus Pacific or Chukchi colonies ( (Table 2) . Colonies were clearly separated into 4 groups along coordinate 1 of the NMDS: 1) Atlantic, 2) Cape Parry, 3) Chukchi Sea, and 4) Pacific (see Supplementary Figure S1 online). Colonies within each of these areas grouped closely together with the exception that Bogoslof separated from other Pacific colonies along coordinate 2. "Stress" of the scaling was very low (0.071) meaning that the 2D representation of the distances accurately reflects the intergroup distances as measured in the pairwise delta values.
Little evidence was found for population genetic structure from microsatellite variation. The global estimates of both F ST and R ST were statistically significant but low (F ST = 0.011, P < 0.001; R ST = 0.036, P < 0.001). Estimates of F ST and R ST for some pairwise comparisons of Atlantic versus Pacific colonies were significant after B-Y corrections (Table 3) . F ST values were higher and significant between Kamchatka, Buldir Island, Pribilof Islands and Hakluyt, and most of the Atlantic colonies, whereas R ST values indicated Wrangel Island to be different from most Atlantic colonies, and Coburg and Akpatok islands from most Pacific colonies. STRUCTURE results indicated that the most probable number of genetic populations was 2 (Pr[K = 2] > 0.999). Most birds from the Atlantic and birds from the New Siberian Islands assigned to 1 genetic cluster, whereas most birds from the Pacific assigned to the other cluster, in both cases with high probability of assignment (>0.90; Figure 3) . Colonies from the Chukchi Sea, Cape Parry and Hakluyt (Atlantic) were composed of birds with apparently mixed ancestry (as assessed using the admixture model; data not shown). Mantel's tests indicated a significant correlation between genetic distance and shortest geographic distance between colonies for the entire data set (for Φ ST r = 0.34, P < 0.01; see Supplementary Figure  S2 online; and for F ST r = 0.28, P < 0.001), but tests within the Atlantic or Pacific were not significant and none of the tests based on R ST were significant.
Gene Flow
Results from IMa based on mtDNA variation indicated that murres from the Atlantic and New Siberia (henceforth "Atlantic") versus the Pacific and Chukchi Sea diverged around 85 000 years before present (90% highest posterior density 65 000-122 000 years BP). Since divergence, gene flow (going forward in time) has occurred asymmetrically with a significant number of female migrants per generation from the Atlantic into the Pacific/Chukchi Sea (see Supplementary Table S3 Sea, combined or separated, were consistent and suggested that the Chukchi Sea, rather than the Pacific, was the recipient of migrants from the Atlantic (see Supplementary Table S3 online). Gene flow from the Pacific into the Chukchi Sea was also significantly greater than 0. Gene flow between Cape Parry and the Pacific was low to none in either direction, whereas gene flow between Cape Parry and the Atlantic was unidirectional, from the Atlantic into Cape Parry, with a high number of migrants per generation (see Supplementary  Table S3 online). Estimates of gene flow and divergence time between Cape Parry and the Chukchi Sea did not reach complete convergence or were characterized by extremely large confidence intervals, probably because of too much variability, and are therefore not discussed further.
Discussion
Population Genetic Structure
Pairwise estimates of Φ ST and δ from mitochondrial control region sequences suggest that thick-billed murres comprise 4 genetic groups: 1) Atlantic and New Siberia, 2) Pacific, 3) Chukchi Sea, and 4) Cape Parry (Table 2, see Supplementary Table S1 online). Differentiation is strongest between the Atlantic and Pacific colonies as the haplotype network clearly separates birds from the 2 oceans into 2 clades, which are reciprocally monophyletic with the exception of 1 individual (Figure 2 ). Genetic divergence of Atlantic/New Siberia, Pacific and Chukchi Sea colonies also received some support from microsatellite variation ( Figure 3 , Table 3 ). In contrast, little genetic structure was found among colonies within either the Atlantic or the Pacific (Tables 2 and 3 ). This result agrees with previous analyses of cytochrome b variation in Atlantic thick-billed murres (Birt-Friesen et al. 1992) , as well as most other species of temperate to arctic seabirds that have been studied (reviewed in Friesen et al. 2007 ; see also e.g., Bicknell et al. 2012) . For example, common murres from the Pacific and the Atlantic are genetically distinct but show no population structure in the Pacific, whereas isolation in separate glacial refugia appears to have lead to weak genetic differentiation between eastern and western Atlantic common murres (Morris-Pocock et al. 2008) .
Although thick-billed murres from the Chukchi Sea and Cape Parry differ genetically from those elsewhere (e.g., Table 2 ), their distinctiveness seems to be the result of secondary contact between Atlantic and Pacific populations rather than isolation in arctic refugia. This is supported by results from both mtDNA and microsatellites: 1) some individuals from Cape Parry and Chukchi had "Atlantic" haplotypes, whereas others had "Pacific" haplotypes, and birds from these locations are not grouped in a distinct clade in the haplotype network (Figure 2 ; see Supplementary Table S1 The high proportion of private haplotypes (67%; see Supplementary Table S1 online) and the highest haplotype diversity within the Atlantic at Hornøya (see Supplementary Table S2 online), especially given its small population size (<1000 individuals; Vader et al. 1990) , suggests that this colony may represent a refugial population. Alternatively, colonies on islands north and east of Hornøya that were not sampled could send apparently private haplotypes to Hornøya. Hakluyt was also characterized by high proportion of private haplotypes (82%). Liebers et al. (2004) investigated genetic variation in the herring gull complex (Larus argentatus) and suggested the existence of a refugium in the Northeast Atlantic during the LGM. Although a refugium in the Arctic seems highly unlikely from our results, we cannot exclude the existence of a refugium in the North Atlantic. However, samples from Bjornoya, Svalbard, Novaya Zemlya, the Kola Peninsula, and the Sea of Okhotsk would be necessary to test this hypothesis.
Gene Flow
Assuming a mutation rate for the mtDNA control region of 10%/ My (Wenink et al. 1993) , results from IMa indicate a divergence date between Pacific and Atlantic colonies of ~100 000 years before present (see Supplementary Table S3 online), roughly at the end of the Eemian interglacial (Kraayeveld and Nieboer 2000) . The Bering Land Bridge probably reduced or eliminated migration between the Atlantic and Pacific at this time. Because most of the species' current distribution was covered by ice until approximately 10-15 000 years ago, thick-billed murres may have been pushed towards southern ice-free areas during the LGM and expanded again northward following the ice retreat. This possibility is supported by strongly negative Fu's Fs values, which indicate recent population expansion (see Supplementary Table S2 online), and significant migration estimates between the Atlantic and Cape Parry (see Supplementary Table  S3 online). The Bering Land Bridge combined with recent expansion would explain the marked genetic differentiation between the Atlantic and Pacific thick-billed murres and the lack of differentiation within ocean basins, respectively. Further support for this scenario is provided by application of Mantel's tests. Indeed, the lack of correlation between genetic and geographic distance within either the Atlantic or the Pacific suggests either that colonies were recently colonized or that distance alone is not reducing gene flow within ocean basins (Hutchison and Templeton 1999) . Moreover, the Bering Land Bridge acting as a barrier to gene flow between the Atlantic and the Pacific (see Supplementary Table S3 online), rather than isolation by distance, would also explain the significant correlation between genetic and geographic distance when all colonies are included (see also Morris-Pocock et al. 2008) .
Banding studies indicate that philopatry is very strong in thickbilled murres (Gaston et al. 1994; Steiner and Gaston 2005) , suggesting that gene flow among colonies should be low and that population genetic structure should exist. These results contrast with the general lack of genetic structure within ocean basins, a pattern that is observed in several seabirds (the "seabird paradox"; Milot et al. 2008; Bouzat et al. 2009 ). Genetic panmixia combined with high genetic variability is consistent with a scenario of range contraction during the LGM followed by rapid expansion (Bouzat et al. 2009 ), and it is most likely due to historical association and large effective population sizes, rather than current gene flow (BirtFriesen et al. 1992) . In fact, the few birds that were banded at one colony and re-sighted at another colony represent a minimal fraction and, although possible, it is not very likely that this gene flow is enough to homogenize genetic variation in spite of strong philopatry (Nikolaeva et al. 1996) .
Designation of ESUs
Results of this study agree with the current classification of Atlantic and Pacific thick-billed murres as separate subspecies (Uria l. lomvia and Uria l. arra, respectively) on the basis of morphology: mtDNA variation differed significantly between murres from these subspecies (Figure 2 ), microsatellite variation also tended to differ (Figure 3) , and little to no gene flow appears to occur between them (see Supplementary Table S3 online, Figure 3 ). Although the sample sizes were small and neutral markers do not reflect local adaptations, no evidence was found for genetic differentiation of murres from New Siberia (Uria l. heckeri) versus the Atlantic and murres from Wrangle Island (Uria l. eleonorae) versus those from Capes Lisburne and Thompson (U. l. arra; Figure 3 , Table 2 ). Thus, the taxonomy of birds from New Siberia and Wrangle Island (U. l. heckeri and U. l. eleonorae) should be investigated further. Crandall et al. (2000) argued that to designate populations as ESUs 2 main conditions have to be met: reproductive and historical isolation, and adaptive distinctiveness. Results from this study support the first criterion in several ways. MtDNA was highly differentiated between the Atlantic and the Pacific, and indicated that Atlantic and Pacific colonies have been genetically isolated for ~100 000 ya. Although the number of microsatellite loci was low and homoplasy was high, nuclear data also separated murres into 2 distinct groups according to ocean basins. Even though this study did not directly investigate adaptive differentiation between the 2 populations, factors such as morphology (Gaston and Jones 1998) and wintering areas (McFarlane Tranquilla et al. 2013 ) differ between them. We, therefore, suggest that the Atlantic and the Pacific populations are both genetically and ecologically nonexchangeable and so should be considered separate ESUs . The Chukchi Sea and Cape Parry appear to represent areas of secondary contact between these 2 ESUs.
Future Work
Given evidence from mtDNA of restricted gene flow among some colonies, genome-wide scans of single nucleotide polymorphisms are worth investigating, not only to obtain more accurate estimates of gene flow among colonies and to confirm homogeneity within basins but also to investigate adaptive variation and differentiation (Funk et al. 2012 ). In addition, samples from Bjornoya, Svalbard, Novaya Zemlya, the Kola Peninsula and the Sea of Okhotsk should be analyzed to determine their relationships to other populations and to test whether they represent a North Atlantic refugial population. More samples from New Siberia and Wrangel Island should be screened to confirm the apparent similarity between birds from these regions and those in the Atlantic and Pacific, respectively.
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